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Gapless insulator and a band gap scaling law in semihydrogenated graphene
Graphene is a zero-band gap semiconductor whose E − k relation is linear near the corners of the two-dimensional ͑2D͒ hexagonal Brillouin zone, leading to vanishing effective mass for electrons and holes. 1 The observation of the quantum Hall effect in graphene provided direct evidence of the theoretically predicted Berry's phase of massless Dirac fermions. 2 The massless neutrino-like energy spectrum of electrons and holes in graphene can lead to specific features of the transport properties such as the minimum dc conductivity of min =4e 2 / h. 3 More recently, attention has been paid to a graphene sheet which was hydrogenated to form graphane, which has semiconducting properties. The band gap calculated via local-density approximation is 3.5 eV ͑Ref. 4͒ while the GW calculation gives a value of 5.4 eV. 5 Furthermore, it has been hypothesized that a semihydrogenated version of graphene could be created via the blocking of a substrate, or the application of an external electric field, removing the hydrogen atoms from one side. 6 In this form, both ferromagnetic order 7 and the opening of a band gap 6 have been predicted due to the breaking of symmetry between hydrogen-bonded and nonbonded carbon atoms. A detection scheme for valley polarization in graphene systems with broken symmetry has been demonstrated, 8 and it has been further shown that due to this inequivalence, the universal conductance breaks down at low frequencies. 9 The characterization of graphene-based materials via the optical conductivity has great potential due to the various "breakdowns" and resonances observed for energies up to the optical regime. Furthermore, the optical properties of graphene within the terahertz to far-infrared regime-a technologically important region of the electromagnetic spectrum-has become quite a hot topic. It has been shown that the universal conductivity of single layer graphene 10 is robust until well over 1 eV, 11, 12 however this is no longer the case for graphene bilayers. [13] [14] [15] For single layer graphene the optical conductivity can be altered by creating antidots, 15 stretching, 16, 17 and high intensity fields. 18 When restricting the geometry to that of a pseudo-one-dimensional ribbon, the universal conductance is destroyed completely, being replaced by resonant peaks corresponding to van-Hove singularities in the density of states. 19, 20 This trend of exhibiting vastly different optical properties depending on geometry and field strength makes graphene-based materials a prime candidate for photonic applications, and makes characterization of different structures via such a non-destructive method as optical transmittance feasible.
In this paper, we shall reveal two unusual and remarkable properties of semihydrogenated graphene as follows: a band gap scaling law and a gapless insulating state. We find that by creating domains of different hydrogenation configurations, the band gap variation is governed by a scaling law in which the domain size is irrelevant and only the ratio of A-B pairs in different hydrogenation configurations matters. We calculate the optical conductance of different configurations, and show a relationship between the band gap size and the initial peak magnitude. The single domain semihydrogenated single layer graphene has the largest band gap which is equal to the onsite energy of the hydrogenated atom. When the A-domain size is equal to the B-domain size, i.e., N A = N B , the system is a zero gap material. However, the electronic transition from the lower band to the upper band is forbidden due to the presence of hydrogen atoms. Therefore it is an insulator with zero band gap. This property is confirmed by the vanishing optical conductance at low energy. Therefore by alternatively hydrogenating A and B sublattices, graphene changes from a gapless semiconductor to a gapless insulator.
Our model system is depicted in Fig. 1 . We assume that graphene on a substrate or exposed to an electric field becomes semihydrogenated such that only A ͑or B͒ atoms accept a hydrogen atom. However we also assume that on initial exposure to hydrogen, different regions of the sample will become hydrogenated on different lattice sites, thus forming domains of both A and B hydrogenation. Between these domains we expect that there will be an A-B pair where either both or neither are hydrogenated. In our model we have assumed the former, however this detail is irrelevant to our results. We further assume that the most energetically favorable configuration for these domains is that they will be hexagonal. Therefore we construct our unit cell as shown in 2 , and the number of A-B pairs in the outer B-hydrogenated domain is 6͑S 2 − L 2 ͒. We calculate the electronic properties via the tightbinding approximation. The Hamiltonian is given by
where ⌬ i is the onsite energy ͑at site i͒ caused by the hydrogen atom, and t ij = t = 3 eV if i and j are first nearest neighbors, and is zero otherwise. If there is a hydrogen atom present, we choose ⌬ i = ⌬ H = 0.1t, and if not, ⌬ i =0. The band structures for the single layer case are shown in Fig. 2 for S = 4 and L = ͓0,3͔. L = S is equivalent to L =0. The main differences between the band structures occur at small energies. Some degeneracy is lifted near the K points, and when moving along directions of low symmetry ͑e.g., KЈ → K͒. The most interesting feature however, is the variation in the band gap as a function of inner length L. It can be seen that the band gap for L = 3 is almost zero. As we will see below, this is because L 2 / S 2 =3 2 / 4 2 Ϸ 0.5. In Fig. 3 we plot the band gaps ͑⌬͒ for all possible L with S = ͓2,10͔, as a function of L 2 / S 2 . It can be seen that the relationships are quite predictable
͑2͒
It should be noted that this is a function of the regular geometry which we have assumed. For randomly allocated hydrogen, the band gaps become randomly spaced between ⌬ = 0 and ⌬ = ⌬ H . In this case the low energy band structures also become less smooth than those of Fig. 2 , and more degeneracies are lifted at the high symmetry points.
It is statistically reasonable to assume that for infinite semihydrogenated graphene, half the carbon atoms will be part of an A-hydrogenated domain, and half will be B-hydrogenated. For this reason, we would expect infinite semihydrogenated single layer graphene to be a zero-gap material just like ordinary graphene. If this is the case, how would one detect whether the graphene has become hydrogenated or not? With this question in mind we proceed to calculate the optical conductivity of our model semihydrogenated graphene. The Kubo formula for optical conductivity is given as 21 , ͑͒ = 1
Here the components of the current operator can be calculated from J , ͑t͒ = e iHt J , ͑0͒e −iHt , where J , ͑0͒ = ⌿ † ͑r͒v , ⌿͑rЈ͒, in which v , = ‫ץ‬H / ‫ץ‬k , , and , = x , y.
In Fig. 4 we present the results for S = 4 semihydrogenated graphene, with L = ͓0,3͔. The case L = 0 corresponds to regular semihydrogenated graphene, and has been reported The most noticeable differences between different inner lengths can be seen at low energies with the vanishing of the finite gap at the ⌫ point, and the lifting of some degeneracies around the K points. Note that the Dirac point corresponds to the ⌫ point and not the K points as in usual graphene. This is an artifact of the construction of our unit cell. previously. 9 The L = 0 result is characterized by the peculiar universal property that ⌬ =2 0 , that is, when ប / t = ⍀ = ⌬, the optical conductivity is precisely twice the universal conductivity of graphene. However, we find that as the band gap goes to zero, this phenomenal result disappears, and the onset conductivity approaches 0 .
These results are particularly curious however, as we see that even though semihydrogenated graphene with ͑S , L͒ = ͑4,3͒ is an almost zero-gap material, interband optical transitions are forbidden, and the optical conductance is zero for ប / t Ͻ 0.9⌬. It is known that the immediate effect of semihydrogenation is the broken inversion symmetry of the 2D honeycomb lattice. 6, 7 This broken inversion symmetry in the crystal structure leads to a change in the wave function symmetry required for the interband optical transition. As a result, the optical conductance vanishes even though the band gap has been diminished, and we have a potential zero-gap insulator.
This retained exclusion of interband transitions despite a finite density of states makes the low energy carriers in semihydrogenated graphene particularly robust. This should be an important factor in determining the transport properties of this material.
We have probed the electronic and optical properties of a realistic model of semihydrogenated graphene. We predict that the most likely material to form when a single side of graphene is exposed to hydrogen is an ordered array of Aand B-hydrogenated domains. In this case, for single layers, the band gap predicted for semihydrogenated graphene should disappear, or should be smaller than the actual on-site energy of hydrogenated carbon, ⌬ H . However, we also predict that the vertical onset energy should be approximately equal to ⌬ H , but will no longer be vertical and of magnitude 2 0 , but may be as low as 0 
